Abstract The islands of the Azores archipelago emerge from an oceanic plateau built on lithosphere increasing in age with distance from the Mid-Atlantic Ridge from 10 to 45 Ma. Here, we present the first comprehensive major and trace element and Sr-Nd-Pb isotope data from Santa Maria, the easternmost island of the archipelago, along with published data from the other Azores islands situated much closer to the Mid-Atlantic Ridge axis. We can show that the distinctively more variable and more enriched trace element ratios at Santa Maria combined with a relatively small range in Sr-Nd-Pb isotope ratios are the result of low degrees of partial melting of a common Azores mantle plume source underneath thicker lithosphere. This implies that melt extraction processes and melting dynamics may be able to better preserve the trace element mantle source variability underneath thicker lithosphere. These conclusions may apply widely for oceanic melts erupted on relatively thick lithosphere. In addition, lower Ti/Sm and K/La ratios and SiO 2 contents of Santa Maria lavas imply melting of a carbonated peridotite source. Mixing of variable portions of deep small-degree carbonated peridotite melts and shallow volatile-free garnet peridotite could explain the geochemical variability underneath Santa Maria in agreement with the volatile-rich nature of the Azores mantle source. However, Santa Maria is the Azores island where the CO 2 -rich nature of the mantle source is more evident, reflecting a combination of a smaller extent of partial melting and the positioning at the edge of the tilted Azores mantle plume.
Introduction
Basalts erupted at Ocean Islands (OIB) display a larger trace element and isotopic variability compared to those erupted along mid-ocean ridges (MOR) (e.g., Dupré and Allègre 1983; Hofmann 1997; Hofmann 2003; McKenzie and O'Nions 1995; Salters and White 1998; Stracke et al. 2003) . In addition to shallow-level processes such as Communicated by J. Hoefs.
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The online version of this article (doi:10.1007/s00410-012-0837-2) contains supplementary material, which is available to authorized users. fractional crystallization, crustal assimilation and interaction with mantle lithosphere (Class and Goldstein 1997; Gurenko et al. 2001; Hansteen and Troll 2003; Kent et al. 1999; Martins et al. 2010; Millet et al. 2009; O'Hara 1998; Wanless et al. 2010) , the geochemical composition of primitive melts erupted at ocean islands may be influenced by a number of parameters that involve the composition of the mantle source (enriched vs. depleted), the mantle lithology (pyroxenite vs. anhydrous peridotite or volatilerich peridotite), extent of partial melting and melt extraction processes (Dasgupta et al. , 2009 Sobolev et al. 2005; Stracke and Bourdon 2009 ). Additionally, the alongchain (temporal) variations in lava compositions described for long-lived seamount chains in the Pacific imply that changes in the melting process may be induced by changes in thickness of the oceanic lithosphere these seamounts are situated on (e.g., Beier et al. 2011; Haase 1996; Humphreys and Niu 2009; Ito and Mahoney 2005; Regelous et al. 2003) .
It still remains a matter of active debate whether the Azores archipelago is related to the upwelling of a deep mantle plume (Montelli et al. 2004) or whether the source of the melting anomaly is restricted to the upper mantle (Courtillot et al. 2003; Ritsema and Allen 2003) . Generally, the Azores Plateau in the Central Northern Atlantic has been associated with the presence of a melting anomaly which was first recognized by the enriched Sr isotope ratios of the islands and along the Mid-Atlantic Ridge (MAR) in the vicinity of the Azores (Schilling 1975; White et al. 1975; White and Hofmann 1982) . Several of the Azores islands have been the subject of geochemical and petrological studies (Beier et al. 2008 (Beier et al. , 2010 Bourdon et al. 2005; Cannat et al. 1999; Madureira et al. 2005; Millet et al. 2009; Moreira et al. 1999; Nowell et al. 1998; Prytulak and Elliott 2009; Schaefer et al. 2002; Schmincke 1973; Turner et al. 1997; Widom et al. 1997 ) that have shown that this archipelago has isotopic and trace element compositions comparable to those found in other hot spots associated with mantle plumes. This is also supported by finite-frequency seismic tomography imaging a plume-like column extending down to at least 400 km depth (Yang et al. 2006) . A reduction in the mantle transition zone thickness beneath the Azores (Courtier et al. 2007 ) and unradiogenic 3 He/ 4 He ratios (up to 13.5 times of the atmospheric value) and air-corrected 21 Ne/ 22 Ne isotope ratios of 0.052 obtained for magmatic fluids and olivine phenocrysts also point to the contribution of a deep mantle source component (Jean-Baptiste et al. 2009; Madureira et al. 2005; Moreira et al. 1999) . However, the relatively low mantle potential temperatures in the Azores (1,400-1,490°C; Beier et al. 2012) imply that the mantle sources may contain a significant amount of volatiles which lowers its solidus temperatures, and thus, magmatism in the Azores is the result of the combined effect of volatile-induced melting and a thermal anomaly (Asimow et al. 2004; Beier et al. 2012) .
The Azores archipelago is geochemically variable on a regional scale (Beier et al. 2010; Millet et al. 2009; Moreira et al. 1999; White et al. 1979) , preserving small-scale intraisland heterogeneities (Beier et al. 2007; Elliott et al. 2007; Turner et al. 1997; Widom et al. 1997 ) even for coeval lavas erupted less than 10 km from each other (Haase and Beier 2003; Madureira et al. 2011) . For Santa Maria, most published works have focused on the occurrence of fossiliferous sediments and carbonates and, along with selected petrographical/geochemical data, few K-Ar age data are available (Abdel Monem et al. 1975; Anderson and Flower 1982; Esenwein 1929; Féraud et al. 1980; Féraud et al. 1981) . Moreira et al. (1999) presented three lead isotope compositions (e.g., 206 Pb/ 204 Pb from 19.01 to 19.28) and one He isotope measurement ( 3 He/ 4 He = 7.7 Ra, where Ra stands for the atmospheric ratio). The higher alkalinity of lavas from Santa Maria compared to the other Azores islands was first noted by White et al. (1979) . The positioning of Santa Maria at the eastern edge of the submarine Azores Plateau (Fig. 1 ) allows to address several questions on the conditions of melting at the edge of the Azores melting anomaly some 5-8 Ma (Abdel Monem et al. 1975; Féraud et al. 1981 ). In addition, by comparing Santa Maria with the much younger neighboring islands, we can constrain the evolution of the Azores islands mantle sources from their earliest formation stages at 5 to 8 Ma to the younger stages observed today.
Here, we present the first comprehensive major element, trace element and Sr-Nd-Pb radiogenic isotope data for basalts from Santa Maria, the easternmost island in the Azores. We can show that the Sr-Nd-Pb isotope ratios of Santa Maria are comparable to those of islands closer to the MAR, and the magmas thus originate from an isotopically similar mantle source. However, the Santa Maria lavas are more enriched in incompatible elements and the trace element ratios are more variable than those observed in islands erupted closer to the MAR. We explain this discrepancy by smaller degrees of partial melting beneath Santa Maria compared to the other Azores islands, in agreement with their higher alkalinity. However, we find that K 2 O, TiO 2 and Rb concentrations are lower at Santa Maria compared to the other islands, which is inconsistent with lower degrees of partial melting or shallow level crustal assimilation. We can show that these geochemical signatures give evidence for melting of a CO 2 -rich peridotite lithology. While this carbonatite signal is weakened underneath the other Azores islands due to larger degrees of partial melting and mixing between melts of carbonated peridotite and volatile-free garnet peridotite, the thicker lithosphere and smaller degrees of partial melting preserve this signature underneath Santa Maria. At larger degrees of partial melting or a longer melting column, this carbonatite source fingerprint may be obscured.
Geologic background
The Azores islands are built on an oceanic plateau, which has generally been accepted to be the result of a melting anomaly, but it is still a matter of debate whether the Azores are linked to a deep mantle plume or whether the anomaly is solely restricted to the upper mantle. The tectonic structures in the Azores area are mainly controlled by the Ridge-Ridge-Ridge-type triple junction between the North American, African/Nubian and Eurasian lithospheric plates along two active spreading centers: (a) the MidAtlantic Ridge (MAR), separating the Azores Plateau into a larger eastern and a smaller western part, and (b) the 550-km-long WNW-ESE-trending ultraslow-spreading Terceira Rift (2-4 mm/a) at the northern boundary of the eastern domain of the plateau ( Fig. 1 ; Vogt and Jung 2004) . Spreading rates of the MAR in this region are on the order of 23 mm/a (Fernandes et al. 2006) , which classifies it as slow-spreading ridge among the global ridge systems.
The East Azores Fracture Zone marks the previous, nowadays seismically inactive, boundary between the African and Eurasian lithospheric plates.
The ultraslow spreading Terceira Rift comprises, from west to east, the islands of Graciosa, Terceira, the seamount Dom João de Castro and the island of São Miguel, providing trace element and isotopic evidence for short length-scale heterogeneity in the mantle (Beier et al. 2008 (Beier et al. , 2010 . The age range given for the Azores islands and geophysical constraints imply a buildup of the plateau from around 10 Ma (Abdel Monem et al. 1975; Cannat et al. 1999; Féraud et al. 1980; Gente et al. 2003) . Crustal thickness in the Azores has been considered to be 12-14 km (Escartín et al. 2001; Luis and Neves 2006; Matias et al. 2007 ) and thus significantly thicker than normal oceanic crust (Grose 2012; White et al. 1992 ). All of the islands are volcanically active today, with the notable exception of Santa Maria. Potassium-Ar and Ar-Ar ages from the islands imply that most of the central and eastern Azores islands were formed \2 Ma (Johnson et al. 1998 ) with selected lavas from Santa Maria reaching up to 8 Ma (Abdel Monem et al. 1975; Féraud et al. 1980) . Crustal ages on the Azores Plateau range from 10 Ma at Princesa Alice bank (south of Pico and Faial) (Cannat et al. Fig. 1 Map of the eastern Azores Plateau using generic mapping tools [GMT (Wessel and Smith 1991; Wessel and Smith 1998) ]. Lithosphere ages from Searle (1980) , Cannat et al. (1999) and Luis and Miranda (2008) . Main tectonic features are the ultraslow spreading Terceira axis and the seismically inactive East Azores fracture zone Contrib Mineral Petrol (2013) 165:823-841 825 1999) to *45 Ma south of Santa Maria (Luis and Miranda 2008) . Thus, by implication, the range in lithosphere thickness in the Azores is relatively large from *35 km at 10 Ma to about 76 km at 45 Ma (using the 1,300°C isotherm; see Stein and Stein 1992) . The large range in lithosphere ages with increasing distance from the MidAtlantic Ridge (MAR) compared to the age range covered by the islands allows to estimate the influence of lithosphere thickness on the melting regime in low-buoyancy upwelling plumes like the Azores (Davies 1988; Sleep 1990 ).
Methods
Weathered rinds were removed from the samples by sawing. Samples were then coarsely crushed and the freshest fragments selected, avoiding secondary alteration or weathering. The grains were washed in an ultrasonic bath with deionized water, and powdered in an agate mill. For the majority of samples presented in supplemental Brandl et al. (2012) using methods and standards described therein. Trace element analyses were carried out using an Agilent 7500cs inductively coupled plasma mass spectrometer at the Institut für Geowissenschaften (Universität Kiel) using the methods described in GarbeSchönberg (1993) . Accuracy was checked using international rock standards (BHVO-2, AGV-2, JA-2) and the external precision for duplicate analyses was better than 3 % for all elements. For a subset of samples marked in italics in supplemental Table 1 , the major and trace elements were analyzed at Activation Laboratories (Canada). Major elements of this set were analyzed using inductively coupled plasma-optical emission spectrometry (ICP-OES) on a Thermo Jarrell-Ash ENVIRO II ICP and/or Spectro Cirros ICP. Trace element concentrations were obtained using inductively coupled plasma mass spectrometry (ICP-MS) on a Perkin Elmer SCIEX ELAN 6000, 6100 or 9000 ICP/MS, with the exception of Sc, V, Ba and Sr, which were obtained by ICP-OES. Alkaline dissolution with lithium metaborate/tetraborate followed by nitric acid dissolution was performed for all analyses, except for the analyses of Cd, Cu, Ni and Zn, for which a multi-acid digestion (hydrofluoric followed by a mixture of nitric and perchloric acids) was carried out. Calibration was performed using USGS-and CANMET-certified reference materials. The instrumental drift was monitored by analyzing one of the standards for every group of ten samples. Duplicate measurements of samples shows that reproducibility is better than 3 % for major element analyses, 7 % for rare earth elements, 5 % for highly incompatible elements (i.e., Rb, Ba, U and Th). The accuracy of the analyses can be assessed by comparing measured and certified values for the USGS standard reference W-2a (see supplementary Table 2 ). More information on the analytical procedures can be found at http://www.actlabs.com.
The chemical preparation of 18 samples analyzed for Sr-Nd-Pb isotope ratios was performed at the Laboratoire G-Time at the Department of Earth and Environmental Sciences of the Université Libre de Bruxelles (Belgium). To remove weathering effects and any potential contamination, a leaching procedure was applied to powdered whole rock samples (250 mg), with repeated additions of 6 N sub-boiled HCl (5-6 times) followed by 30-min ultrasonic baths until the solution was clear. Samples were then rinsed twice with milli-Q water and were then ultrasonicated for 30 min (Weis and Frey 1996) . Samples were then dissolved for 48 h on a hotplate at about 130°C with a mixture of sub-boiled HF (48 %) and HNO 3 (14 N) acids in closed Savillex Ò beakers. After evaporation, the samples were re-dissolved in 6 N sub-boiled HCl for 24 h at 130°C. The Sr, Nd and Pb fractions were all extracted from the same initial sample solution. All samples were first processed on Pb micro-columns loaded with AG1-X8 100-200 mesh Bio-Rad resin (Weis et al. 2006) . Strontium and the rare earth elements (REE) were further separated using a column loaded with Dowex AG50W-X8 100-200 mesh cation exchange resin. Nd was recovered by loading the REE fraction onto a column filled with HDEHP-coated Teflon. Measurements of the total procedural Nd, Sr and Pb blanks gave 8, 8 and 10 pg, respectively.
The isotopic compositions of Nd and Pb were determined on a Nu Instruments Plasma MC-ICP-MS at the Laboratoire G-Time of the Université Libre de Bruxelles. Each session of analyses started with a ''batch run'' of 10 analyses of the standard solutions in order to monitor the optimization (stability and sensitivity) of the machine. In addition, during this batch run, the reproducibility and accuracy of the values were checked. Standards were systematically run between every two samples to monitor the instrumental mass bias during the analysis session. 20 (2r) . Pb measurements were automatically corrected according to the Tl mass fractionation and using the sample-standard bracketing method (using the triple-spike values of Abouchami et al. 2000; Galer and Abouchami 1998) .
The Sr isotopic ratios were obtained on the Finnigan Triton Thermo-Ionization Mass Spectrometer (TIMS) at the Pacific Centre for Isotopic and Geochemical Research at the University of British Columbia (Canada). Sr isotopic compositions were measured in a static mode on a single T filament, and corrections for mass fractionation by normalization to 86 Sr/ 88 Sr = 0.1194 were systematically applied. For every ten samples, the NBS 987 Sr standard was run and gave a mean value of 87 Sr/ 86 Sr = 0.710248 ± 12 (2r, n = 9).
The reproducibility of isotopic measurements can be assessed by sample replicate and duplicate analyses. The replicate analyses are better than 3-4 ppm and 13 ppm for 143 Table 1 ). Additional information on the analytical procedures used at the Université Libre de Bruxelles and the University of British Columbia can be found in Weis et al. (2006) .
Results
The Santa Maria samples used in this work are aphyric or olivine ± clinopyroxene-phyric basanites to picrobasalts. Plagioclase phenocrysts are rare in the basalts, but occur frequently in the few intermediate samples available. The glassy groundmass of the samples with MgO [5 wt% contains microcrystalline clinopyroxene, olivine, feldspar and Fe-Ti oxides. Field observations indicate that the volume of evolved lavas on Santa Maria is small compared to that of the other Azores islands (e.g., Faial and Terceira; see also Beier et al. 2008 Beier et al. , 2012 . The intermediate samples (\5 wt% MgO) contain abundant plagioclase and minor kaersutite. Their matrix is glassy with microcrystalline plagioclase, few clinopyroxenes and accessory Fe-Ti oxides. Volcanic glasses were analyzed in pillow rims and, when available, in the matrix (see supplemental Table 1 ).
Several samples have undergone some degree of lowtemperature alteration evident from iddingsitized olivines and carbonate and zeolite fillings that partially or completely fill vesicles. The altered samples and any altered or weathered material were avoided during sample preparation and analyses. During our discussion, we also mostly focus on those trace element ratios that are unaffected by low-temperature alteration (see below, e.g., Nb/Zr, La/Yb). We do not observe any correlation of LOI with CaO, Na 2 O, K 2 O or any of the trace element ratios presented and used here. In addition, our 87 Sr/ 86 Sr isotope ratios (see below) are not elevated compared to the other Azores islands and do not correlate with any seawater proxy (e.g., Ba, Rb and Ce/Ce* ratios). In addition, the glasses also have low Cl/K ratios. However, in order to avoid any potential effects by alteration or weathering, we have excluded those samples with LOI [2.5 wt% in the discussion and figures but present these in supplemental Table 1 for completeness.
In this paper, we discuss major element, trace element and Sr-Nd-Pb isotope data from five Azores islands, grouped into (1) samples from Faial and Pico, (2) samples from Terceira, (3) samples from São Miguel (Beier et al. 2006 (Beier et al. , 2007 (Beier et al. , 2008 (Beier et al. , 2010 and (4) the new samples from Santa Maria (supplemental Table 1 ). The lavas of Faial and Pico islands were erupted on 10 Ma-old lithosphere, while the island of Terceira is situated on lithosphere that has an age of 20 Ma. The island of São Miguel lies north of Santa Maria and thus on lithosphere with a comparable age (*45 Ma).
Major elements
The studied lavas and dikes from Santa Maria are alkaline and cover a range in MgO contents from 1.95 to 15.94 wt% (Fig. 2) , with the majority of the samples ranging from 3.3 to 13.8 wt%. Their Al 2 O 3 and CaO contents are comparable to those observed in the other Azores islands. Potassium ranges from those contents observed in Pico and Faial to slightly lower values. For most elements, samples from Santa Maria form liquid lines of descent similar to those from the other Azores islands, but display lower SiO 2 and TiO 2 contents. Lavas from Santa Maria display slightly higher Na 2 O contents than the other Azores islands, as previously noted by White et al. (1979) . From this point on, we focus on those samples with MgO [7 wt% in order to avoid a potential bias by fractional crystallization processes.
Trace elements
Samples with MgO [7 wt% display multi-element trace element patterns normalized to primitive mantle that are convex upward with negative anomalies for K, Th and Pb (not shown) being comparable to those from the other Azores islands (Beier et al. 2008) . The compositions of the primitive Santa Maria lavas are similar to those from the other Azores localities for some trace element ratios (e.g., Ba/Th; see supplemental Table 1 ). However, they are characterized by significantly higher and more variable Nb/ Zr (and slightly higher Ba/Nb) and lower Rb/Th, K/La and Ti/Sm ratios compared to rocks with similar MgO contents from the other Azores islands (Fig. 3) (Fig. 4) . The lead isotope data previously determined for three Santa Maria lavas by Moreira et al. (1999) Pb/ 204 Pb ratio, which is slightly less radiogenic (19.01) than our data. In Pb isotope space (Fig. 4) , Santa Maria lavas are within the range commonly found in the Azores at the intersection of compositions from São Miguel (Sete Cidades volcano) (Beier et al. 2007 ), Terceira (and Graciosa) (Beier et al. 2008) , and Pico and Faial islands . These compositions are similar to the FOZO mantle component that frequently occurs in intraplate settings (Hart et al. 1992; Hofmann 1997; Stracke et al. 2005; Zindler and Hart 1986 ). We did not find any evidence for an enriched mantle component that might be related to the highly Sr-and Pbradiogenic sources of the eastern São Miguel volcanoes (Beier et al. 2007; Elliott et al. 2007; Turner et al. 1997; Widom et al. 1997 ).
Discussion

Fractional crystallization and assimilation
The Santa Maria lavas and glasses cover a range in MgO contents from 15.94 to 1.95 wt%. Lavas with MgO contents [12 wt% likely accumulated olivine and, as a result, have increased MgO contents. In agreement with the MgO contents of lavas from the other Azores islands, the primary melts will have *12 wt% MgO (Table 2 in Beier et al. 2008) . Samples with MgO contents \12 wt% follow a fractional crystallization trend similar to that observed on the other Azores islands (Beier et al. 2006 (Beier et al. , 2008 , indicating the fractional crystallization of olivine and clinopyroxene until *5 wt% MgO where plagioclase will start fractionating as evident from the decreasing CaO contents. Decreasing TiO 2 and FeO T at *5 wt% MgO are in agreement with the crystallization of Fe-Ti oxides. Here, we focus on samples with [7 wt% MgO in order to avoid extensive effects of fractional crystallization. In addition, we focus on those elements that are not correlated with the fractionation indices (i.e., MgO and SiO 2 ; Fig. 3 ) and thus reliably reflect the melt composition without having to correct for fractional crystallization. A second process that may influence the final composition of the erupted lavas is the assimilation of crustal material during melt ascent. We did not find any petrographic evidence for the assimilation of crustal lithologies in the Santa Maria samples used here. The major elements indicate that there is no mixing between different sources (as would be indicated by linear mixing trends in Fig. 2 ). The assimilation of crustal material like seawater-altered magmatic rocks and marine sediments (for the specific case of Santa Maria, potentially carbonates; Madeira et al. 2007 ) would lead to significantly increased Sr isotope ratios and increased Cl/K ratios without changing the Nd isotope ratios (Burke et al. 1982; Jambon et al. 1995; Kent et al. 1999; Michael and Cornell 1998) , which is not observed. Also, we did not observe a correlation of LOI with any of the trace element ratios which would be expected if marine carbonates are assimilated into the melt (see discussion below). Thus, we conclude that samples with [7 wt% can reliably be used to infer the mantle source composition and the dynamics of melting.
Mantle source compositions
The Azores islands are well known for small-scale variability of the mantle sources (Beier et al. 2008; Madureira et al. 2011; Millet et al. 2009 ) and for the unique trace element and isotope signature reported for the eastern São Miguel lavas, not observed in any other ocean island (Beier et al. 2007; Elliott et al. 2007; Turner et al. 1997; Widom et al. 1997) . Although Santa Maria lavas display relatively low Sr and Pb isotope ratios compared to the other Azores islands, they are still significantly more radiogenic and more enriched in incompatible elements than lavas from the MAR (Fig. 4) . For example, for rocks with MgO [7 wt%, Santa Maria lavas have Nb/Zr ratios (x = 0.23 ± 0.02; 1r) significantly higher than primitive mantle (0.064; Lyubetskaya and Korenaga 2007) and slightly higher than MORB in the vicinity of Azores (x = 0.19 ± 0.08; 1r; Bourdon et al. 1996) . The Sr-Nd-Pb radiogenic isotopes of Santa Maria differ from the extreme compositions of the eastern São Miguel lavas and rather form a relatively homogeneous cluster comparable to rocks from Faial and Pico and the western São Miguel volcano Sete Cidades. This is particularly interesting given that Santa Maria is situated only some 80 km from the Nordeste volcano on eastern São Miguel. Moreover, at Santa Maria, we do not find evidence for a significant small-scale heterogeneity in radiogenic isotopes, which is observed on the other Azores islands. The correlation between Pb isotope ratios and Nb/Zr elemental ratios on São Miguel implies that the variability of trace element ratios in São Miguel mainly reflects a distinct mantle source composition (Beier et al. 2007 ). However, this might not be applicable for Santa Maria because we do not observe a correlation between La/Yb (and Nb/Zr; not shown) ratios and any of the radiogenic isotopic ratios of the Santa Pb isotope ratios of the Azores lavas. Data sources as in Fig. 2 and MORB data are from the GEOROC database. Santa Maria isotope compositions merge at isotope ratios commonly associated with the Azores mantle plume (Beier et al. 2008 Maria lavas (Fig. 5) . Further evidence is that the parent/ daughter ratios of Rb/Sr and Sm/Nd are not correlated with the Sr and Nd isotope ratios, indicating that the trace element enrichment on Santa Maria is not the result of a long-term enriched mantle source composition (Fig. 5) , but that the trace elements were likely fractionated during partial melting (see below).
Santa Maria is the oldest island of the Azores and is the most distant from the center of the melting anomaly underneath Terceira (Bourdon et al. 2005; Moreira et al. 1999) . The published ages (up to 8 Ma; Abdel Monem et al. 1975) indicate that Santa Maria lavas represent the oldest emerged Azores mantle plume activity, thus reflecting the early stage melting dynamics at the periphery of the mantle plume head. Considering the absolute motion of the lithospheric plate to the east, it is not expectable that lava geochemistry may reflect the transition from plume head melts to melts from the plume tail. At a half spreading rate of 11.5 mm/a at the MAR (Fernandes et al. 2006) , Santa Maria likely moved on the order of 90 km in an eastward direction. Thus, at its formation, Santa Maria was situated approximately at the present-day longitude of the Sete Cidades volcano on the western end of the island of São Miguel or slightly further west (Fig. 1) , however, at a different latitude.
Source lithology
Magma composition in oceanic intraplate settings may be influenced by a variety of parameters: (a) depth and temperature of melting, (b) geochemical source composition, (c) interaction with asthenosphere/lithosphere during ascent (Ito and Mahoney 2005) and, finally, (d) mantle lithology, that is, the presence of pyroxenite and/or peridotite sources (Dasgupta et al. , 2009 Hirschmann and Stolper 1996; Pertermann and Hirschmann 2003; Sobolev et al. 2007; Stracke and Bourdon 2009; Stracke et al. 1999) . In order to determine the dynamics of melting during the early stages of the formation of the Azores, we will discuss the significance of these parameters below.
A consequence of subduction and recycling of oceanic crust is the introduction of mafic eclogitic components into the mantle (Allègre and Turcotte 1986) , which may lead to the formation of pyroxenite, either by solid-state reaction with the dominant peridotite (Herzberg 2011) or, after melting, through melt reaction with ambient peridotite mantle (Sobolev et al. 2007 ). The presence of pyroxenites and/or eclogites in the mantle sources will significantly change the melting dynamics (Ito and Mahoney 2005) and the overall degree of partial melting. Indeed, the melt productivity in pyroxenite and eclogite is higher than that of peridotite (Hirschmann and Stolper 1996; Pertermann and Hirschmann 2003) , and this will also affect the trace element compositions and short-lived isotope signatures (Stracke and Bourdon 2009; Stracke et al. 1999) . However, melting of volatile-free MORB eclogites or pyroxenites is not able to generate alkali basalts, particularly with respect to their high MgO and Mg# and low SiO 2 contents (Mallik and Dasgupta 2012) . Nevertheless, recent experiments have shown that such lithologies may produce melts which, through wall-rock reaction, with mantle peridotite evolve to alkali basalt compositions with respect to their SiO 2 contents (Herzberg 2011; Mallik and Dasgupta 2012) . The presence of a HIMU-type mantle source component in the Azores from ancient recycling of oceanic crust has repeatedly been proposed (Madureira et al. 2011; Millet et al. 2009; Moreira et al. 1999) , suggesting the occurrence of mafic, recycled lithologies involved during mantle melting. However, uranium series disequilibria for the Azores samples are better explained by melting of an enriched garnet peridotite rather than from eclogites or pyroxenites (Elkins et al. 2008; Prytulak and Elliott 2009 ).
An additional test for the presence of pyroxenite/ eclogite versus peridotite sources has been proposed using the transition elements (Le Roux et al. 2011; Le Roux et al. 2010; Lee et al. 2005 ). Le Roux et al. (2010) use the Zn/Fe ratios to discriminate lithologies that diverge from normal peridotite dominated by an olivine/orthopyroxene assemblage. Due to the distinct geochemical behavior of Zn/Fe ratios in the presence of residual olivine/orthopyroxene
Zn=Fe \\1, Zn/Fe ratios of primitive magmas are expected to be identical to their peridotite sources, but are proposed to be significantly higher in those cases where clinopyroxene dominates as residual mineral phase. After applying the correction for the effects of crystal fractionation proposed by Le Roux et al. (2010) to those lavas with MgO higher than 8.5 wt%, Santa Maria lavas have (Zn/Fe)*10 4 ratios of 8.8, very close to the average peridotite value of 8.5, but significantly lower than those expected for magmas in equilibrium with pyroxenite/eclogite sources [(Zn/Fe)*10 4 [ 12; Le Roux et al. 2011) ]. Thus, we suggest that mantle melting underneath Santa Maria is dominated by peridotite rather than pyroxenite/eclogite. Nevertheless, we emphasize that given the possibility of melt-wall rock interaction, we cannot entirely exclude the presence of melts from pyroxenite/eclogite sources at Santa Maria that may subsequently have equilibrated with the peridotite matrix.
Melting constraints
Melting dynamics in a mantle plume may be controlled by a gradient in temperature decreasing with increasing distance from the center of upwelling. In the Azores, the U-Th-Pa disequilibria indicate that, at present, the strongest upwelling rate occurs underneath Terceira (Bourdon et al. 2005 ) but, for the islands studied by Beier et al. (2012) , temperatures and pressures of melting are highest underneath the island of São Jorge. Santa Maria formed some 8 Ma on the edge of the plateau, suggesting that it was situated at the periphery of the plume head, possibly at lower temperatures. Its temperatures and pressures were calculated following the approach described in more detail in Beier et al. (2012) . In a P-T space (Fig. 6) , Santa Maria samples clearly describe a trend characterized by a lower temperature for a given pressure, compared to the other islands, including the neighboring island of São Miguel located at almost the same longitude (Fig. 1) . Interestingly, compared to the other Azores islands, Santa Maria magmas form at much lower temperatures than the dry peridotite solidus, suggesting partial melting in the presence of volatiles (Asimow et al. 2004; Beier et al. 2012) or implying that magmas originated from eclogite-rich sources melting at relatively lower temperature for a given pressure (see Mallik and Dasgupta 2012) .
If we assume similar peridotite mantle sources beneath Santa Maria and the other islands of the archipelago, then the degrees of partial melting underneath Santa Maria are lower than those observed in Faial and Pico and similar to those determined for São Miguel; degrees of partial melting underneath most Azores islands have been estimated to be on the order of 4-6 % but range between 2 and 4 % for Santa Maria (Fig. 7) . At these low degrees of partial melting (\3 % degree of partial melting), Nb will be fractionated from Zr resulting in increasing Nb/Zr ratios Lee et al. (2009) . Solidus for dry peridotite and 50 and 300 ppm H 2 O are from Asimow et al. (2004) . Data source as in Fig. 2 ( Pfänder et al. 2007) (Fig. 7) . Considering the similarity of the radiogenic isotopes of Santa Maria compared to those of Faial and Pico and combined with their higher Nb/Zr and La/Yb ratios, the lack of correlation of La/Yb (and Nb/ Zr; not shown) and the radiogenic isotope ratios (Fig. 5) indicates that the variable incompatible trace element ratios underneath Santa Maria cannot be a source feature, but instead are reflecting a melting signal (Fig. 7) . In the following, we will discuss the lithospheric lid effect that may influence the final depth of melting and thus the trace element signatures.
Influence of lithosphere thickness
The thickness of the oceanic lithosphere increases with age as a result of the progressive cooling, an effect potentially significant at the Azores given that the strongest increase in thickness is observed at lithosphere ages less than 60 Ma (Stein and Stein 1992) . Thus, comparing Faial and Pico erupted on 10 Ma-old lithosphere (Cannat et al. 1999 ) with Terceira at *36 Ma and Santa Maria erupted on lithosphere of *45 Ma (Luis and Miranda 2008) will allow to determine the effects of increasing lithosphere thickness on the degrees of partial melting. If the final depth of melting underneath the Azores islands and thus also the overall degree of partial melting are controlled by a lithospheric lid effect, then melting dynamics across the Azores Plateau should be correlated with increasing lithosphere thickness. Figure 8 shows selected trace element ratios versus lithosphere thickness. Elemental ratios of La/Yb, Nb/Zr, La/Sm all increase in absolute value and variability with increasing lithosphere thickness, implying that likely depth and degree of partial melting may largely be controlled by changes in thickness. A similar correlation has been observed in other mantle plume settings (Beier et al. 2011; Haase 1996; Ito and Mahoney 2005; Niu et al. 2011; Regelous et al. 2003) . Geodynamic models predict that the increase in lithosphere thickness will limit the extent of partial melting (Ito and Mahoney 2005) , and thus, magmas will be more enriched in incompatible elements when the overall length of the melting column is shorter (McKenzie and Bickle 1988; Stracke and Bourdon 2009 ). Underneath old and thick lithosphere (i.e., underneath Santa Maria), the overall extent of melting will be small and compositions will be more enriched than underneath thinner and younger lithosphere (e.g., underneath Faial and Pico) in agreement with Fig. 8 . Most melting models suggest that the variability and enrichment of melts decreases with increasing potential temperatures (Brandl et al. 2012; Ito and Mahoney 2005; Stracke and Bourdon 2009 ). However, we did not observe a systematic variability of potential temperatures across the Azores archipelago (Fig. 6) . Therefore, the potential temperatures and source compositions in the Azores suggest that melting overall starts at similar depths beneath the islands, while the mean melting pressures calculated indicate that an increasing lithosphere thickness will actually control the total length of the melting column. Finally, this will lead to generally lower degrees of partial melting and a stronger enrichment in trace element signatures observed at Santa Maria and, to a certain extent, at São Miguel (e.g., in Ce/Yb). These effects may be of global significance in most intraplate localities that are situated on relatively old lithosphere.
Summarizing, from isotope signatures we conclude that the mantle sources underneath Santa Maria are similar [7 wt% MgO using the fractional melting model used by Bourdon et al. (2005) and Beier et al. (2010) . Partition coefficients for Nb and Zr are those used in Pfänder et al. (2007) for all other elements, we used those compiled in Halliday et al. (1995) and Blundy et al. (1998) . Mantle source compositions are those used in Beier et al. (2007) for Sete Cidades volcano. Gray labeled markers are degrees of partial melting in a and b. Amount of garnet in the mantle lithology varies from 0 to 10 % compared to those erupting today at Faial and Pico islands and western São Miguel. Temperatures of melting are comparable to Faial and Pico, but at higher pressures and indicate lower extents of partial melting (\3 %), explaining why the incompatible elements underneath Santa Maria are more enriched compared to the other islands. However, we find that Rb, TiO 2 , K 2 O and SiO 2 are lower underneath Santa Maria (Figs. 2, 3) , which is contradictory to the observations made above.
Implications for carbonated peridotite melting
A potential source of depletion of Rb, TiO 2 , K 2 O and SiO 2 could be the presence of residual amphibole and/or phlogopite in the mantle (LaTourrette et al. 1995) . Mantle metasomatism involving amphibole has been proposed for a variety of settings to explain the origin and/or the chemical peculiarities of some alkaline melts in the oceanic environment (Pilet et al. 2008) . One particular caveat with this model, however, is the stability of those minerals (Class and Goldstein 1997) , which is at temperatures \1,200°C and pressures of \3.3 GPa clearly below the range of melting pressures and temperatures observed underneath Santa Maria (see above). One additional explanation could be the equilibration with lithospheric lithologies during the ascent of the melt, which has also been proposed to be the case at Grande Comore (Class et al. 1998 ). In the presence of residual amphibole and/or phlogopite, K becomes less incompatible during melting, given the relatively high K partition coefficients between these minerals and silicate melts (LaTourrette et al. 1995; Späth et al. 2001) . This leads to a fractionation of the light rare earth elements (LREE) and K, which is not expected during melting of anhydrous mantle lithologies. Considering the low melting temperatures of amphiboles and phlogopites (Class and Goldstein 1997) , they are preferentially consumed during the initial steps of melting. Consequently, the K/La or K/Ce ratios will be correlated with elemental signatures sensitive to the extent of melting like La/Yb (Mata et al. 1998; Späth et al. 2001) . For Santa Maria, this is clearly not the case (Fig. 9a) providing strong evidence against the interaction of advecting plume magmas with K-bearing lithospheric domains. Further, there is no petrological evidence from mantle xenoliths from any of the Azores islands for amphibole and/or phlogopite (unpublished data), even though there are no detailed published studies of the Azores mantle xenoliths yet available. The role of peridotite as a potential source lithology for the enriched alkali basalts is supported by models of carbonated peridotite melting at &3 GPa (Dasgupta et al. 2007; Davis et al. 2011; Gudfinnsson and Presnall 2005) . The presence of carbonated lithologies in intraplate oceanic environments has been suggested as a source for carbonatite melts (Hoernle et al. 2002; Mata et al. 2010; Mourão et al. 2012b ) and for CO 2 -rich metasomatic agents affecting the lithospheric (Hauri and Hart 1993; Kogarko et al. 2001; Martins et al. 2010; Mattielli et al. 1999) or sublithospheric mantle . Melts generated from a carbonated peridotite lithology will form at greater depth than volatile-free garnet peridotite , which would explain the deeper melting signatures observed underneath Santa Maria, and further, it is also consistent with the volatile-rich nature of the Azores mantle plume (Asimow et al. 2004; Beier et al. 2012) . Dasgupta et al. (2007) performed partial melting experiments on carbonate- Lithosphere thickness is calculated from lithosphere ages (Cannat et al. 1999; Luis and Miranda 2008; Searle 1980 ) using the 1,300°C isotherm of Stein and Stein (1992) bearing natural lherzolite. The compositions of the nearsolidus partial melts and associated crystal phases allowed these authors to conclude that the amount of dissolved CO 2 is a very significant factor resulting in increased CaO and diminished SiO 2 in peridotite partial melts, due to the suppression of near-liquidus crystallization of olivine and clinopyroxene with respect to orthopyroxene stabilization (Brey and Green 1977) . The fractionation-corrected Santa Maria lavas (corrected to MgO = 10 wt% as noted by subscript) have a range of 9.3-12.5 wt% of Ca 10 associated with \45 wt% Si 10 close to carbonated peridotite experimental partial melts and distinct from partial melts derived from volatile-free peridotite that are characterized by higher SiO 2 and lower CaO contents (Fig. 10) . Thus, we suggest that carbonated peridotite (sensu lato) is present in the Santa Maria mantle source, which will be discussed further below.
A dynamic model
The depth at which the ascending plume will start to melt will be controlled by its composition and potential temperature. Carbonated lithologies dispersed in a volatile-free peridotitic matrix will start melting deep in the upper mantle or even in the transition zone producing carbonatite melts, at depths strongly depending on the lithology (Dasgupta et al. 2007 ) and oxygen fugacity (Rohrbach and Schmidt 2011; Stagno and Frost 2010) . As a result of their high wetting capacity (Hunter and McKenzie 1989) , carbonatite melts will be extracted from the source even when the fraction of melting is significantly below 1 % (Dasgupta et al. 2007) ; that is, they have a strong capability to percolate in mantle rocks (Hammouda and Laporte 2000) , ) (61 % Ol, 9 % Opx, 18 % Cpx and 12 % Grt with melting modes of 5 % Ol, 5 % Opx, 45 % Cpx and 45 % Grt). Partition coefficients for garnet peridotite melting are those used in Fig. 7 by Halliday et al. (1995) and Blundy et al. (1998) in addition to those by Philpotts and Schnetzler (1970) for K in olivine, Kelemen and Dunn (1992) for K in Opx and Grt and from Hart and Dunn (1993) for K in Cpx. Partition coefficients for carbonated peridotite are from Dasgupta et al. (2009) . K partition coefficients in carbonated peridotite are from Sweeney et al. (1992) for Grt, from Blundy and Dalton (2000) for Cpx. In the absence of K partition coefficients for Ol and Opx, we assume K to behave entirely incompatibly with a partition coefficient of 0. Mixing curves are mixing of 3 and 1.5 % garnet peridotite melt with 1 % carbonated peridotite, respectively. Most lavas from Santa Maria require more than 20 % of a 1 % melt from carbonated peridotite in their source Peridotite +1.0 wt.% CO 2 Fig. 10 Fractionation-corrected SiO 2 versus CaO contents (corrected to MgO = 10 wt%) of the Santa Maria lavas, along with carbonatebearing silicate partial melts from carbonated peridotite partial melting experiments at 3 GPa (Dasgupta et al. 2007 ) and experimental partial melts from volatile-free peridotite from 3 to 7 GPa (Walter 1998) . The black line represents an approximate limit that separates CO 2 -enriched and CO 2 -deficient melts (Herzberg and Asimow 2008) . Fractionation correction follows the method described in Klein and Langmuir (1987) migrating upwards in channels or through porous flow. The migration of these deep carbonatite melts to shallower mantle levels can trigger the generation of alkaline basalts by either mixing with melts from volatile-free (shallower) lithologies, or by reaction with these mantle rocks, lowering their solidii and imprinting their geochemical signature (Dasgupta et al. 2007) . Our model shows that mixing of carbonatites, generated at greater depths and resulting from circa 1 % melting of a carbonated mantle, with melts from volatile-free garnet-peridotite lithologies can explain the geochemical variability in the Santa Maria lavas (Fig. 9) . Melting of a volatile-free garnet peridotite cannot solely explain the observed range in terms of K/La and Ti/Sm ratios given that it will hardly fractionate these element pairs. In contrast, the genesis of carbonatite melts from a carbonated peridotite will fractionate K from La and Ti from Sm, respectively, producing highly variable K/La and Ti/Sm ratios. The partition coefficients determined/compiled by Dasgupta et al. (2009) (Fig. 3) . In addition, oceanic carbonatites that are associated with mantle melts from the Canary and Cape Verde islands (Hoernle et al. 2002; Mourão et al. 2012a ) display a marked negative anomaly of Rb and thus primitive-mantlenormalized Rb/Th ratios lower than 1, which could indicate that Rb is more compatible than Th during the genesis of carbonatites.
The model proposed here suggests that carbonatites contributed more than 20 % of the mixture in terms of incompatible elements, in order to account for the geochemical variability of Santa Maria. If \20 % carbonatite are present in the final melt, or if degrees of partial melting for the volatile-free peridotite are higher than 4 % (in particular for K/La), the carbonate signature will be obscured (Fig. 9) . This model can also explain the lower SiO 2 in addition to the lower K 2 O and TiO 2 contents of Santa Maria (Figs. 2, 9, 10 ). We suggest that the geochemical signatures underneath Santa Maria are the result of melt mixing as opposed to fluid metasomatism. If the geochemical signatures of the carbonated peridotite was added to the volatile-free garnet peridotite by fluid metasomatism prior to melting of the garnet peridotite, the K/La and Ti/Sm ratios will not be fractionated during melting of this metasomatized lithology, that is, the melting curves will be parallel to those calculated for Fig. 9 at almost constant K/La and Ti/Sm. The Santa Maria melts, however, are clearly situated on mixing trajectories between lowdegree melts from carbonated and volatile-free peridotite (Fig. 9) . However, it cannot be entirely excluded that the Santa Maria samples in Fig. 9 were generated from variably metasomatized garnet peridotite domains. If this is the case, then a carbonated metasomatic agent triggers melting of the surrounding garnet peridotite by lowering its solidus (see below). Hofmann et al. (2011) suggested that, due to its low viscosity and density, carbonatite melts tend to move upwards vertically, being displaced from the plume center particularly in the case of a tilted plume. P-wave velocity modeling of the Azores region suggests that the plume conduit is deflected to the southwest in the shallow mantle by asthenospheric flow (Yang et al. 2006 ). This could explain why the geochemical evidence for a contribution of melts from carbonated peridotite is restricted to Santa Maria, which is located at the edge of the Azores Plateau and thus presumably formed at the most distant position relative to the mantle plume. For the Azores, Silveira et al. (2010) described a significant reduction in the S-wave velocity at depths between 460 and 500 km, which can be interpreted as resulting from ponding of the upwelling plume at the transition zone or, alternatively, from deep mantle redox melting of carbon-rich heterogeneities (Dasgupta and Hirschmann 2006; Rohrbach and Schmidt 2011) . Interestingly, as also noted by Silveira et al. (2010) , such low velocities zones at the transition zone have also been described beneath other oceanic hot spots. If carbonatite melts are responsible for such seismic anomalies, the association of such magmas with oceanic hot spots is more common than can be inferred from the rare occurrence of carbonatites that are actually erupted. Our model is in agreement with evidence for carbonate metasomatism gathered from xenoliths carried to the surface by oceanic magmas (Kogarko et al. 2001; Martins et al. 2010; Mattielli et al. 1999) . It has to be noted that all of these xenoliths from the Fernando de Noronha, Cape Verde and Kerguelen hot spots are located on thick lithosphere similar to or thicker than the lithosphere underneath Santa Maria.
Summarizing, we can show that mixing of variable portions of deep small-degree carbonated peridotite melts and shallower melts from volatile-free garnet peridotite results in the geochemical variability observed underneath Santa Maria. This explains the enrichment and variability in incompatible element ratios (e.g., La/Yb and Nb/Zr) by melt extraction of small-degree melts but also accounts for the lower K/La and Ti/Sm ratios as well as lower SiO 2 contents of the Santa Maria lavas.
The origin of a CO 2 -rich mantle at Santa Maria
The origin of the carbon in the Santa Maria mantle source may either be the result of recycling of carbon-rich lithologies in the mantle or could be due to a long-term isolated mantle reservoir in the Earth's mantle. A significant amount ([60 %) of the globally subducted carbon is not returning to the surface through arc magmatism, suggesting that significant amounts of recycled carbon exist in the mantle (Coltice et al. 2004; Connolly 2005; Dasgupta and Hirschmann 2010; Kerrick and Connolly 2001; Sleep and Zahnle 2001) . As a result of the lower solidus of carbonated recycled lithologies (relative to mantle peridotite), the carbon in the Santa Maria mantle source could originate from the one of the main carbonated recycled lithologies, that is, from mafic eclogites or sediments.
Experimental data indicate that carbonated pelitic rocks do not melt at subarc depths (Thomsen and Schmidt 2008; Tsuno and Dasgupta 2011) , however, at pressures higher than 2.5 GPa, when crossing a hotter oceanic geotherm, they can form CO 2 -bearing silicate melts capable of metasomatizing the surrounding mantle peridotites. These melts have high K 2 O contents (up to 14 wt%) and K 2 O/ Na 2 O ([1.5) ratios. Contrastingly, the majority of the primitive Santa Maria lavas (MgO [7 wt%) are characterized by lower K 2 O contents (\1.5 wt%) and K 2 O/Na 2 O ratios (\0.7), making a carbonation of the Santa Maria source from sediments unlikely. Thus, melting of carbonated recycled mafic eclogite could generate the Santa Maria alkaline magmas in a model comparable to those proposed by and Gerbode and Dasgupta (2010) , but as discussed above, several lines of evidence clearly point to a peridotite source rather than an eclogitetype source for the Santa Maria mantle. Alternatively, highly mobile near-solidus carbonatite melts produced from recycled eclogite could be metasomatizing the surrounding dominant peridotite (Dasgupta and Hirschmann 2010) , which, if upwelling, will melt generating a second generation of carbonatite melts .
We agree with models that require the presence of recycled carbon in the Earth's mantle, but alternatively, the carbon source could be the result of a long-term isolated (primordial?) carbon-rich source in the Earth. Indeed, Coltice et al. (2004) noted that the d 13 C of the upper mantle (&-5 %) has not changed over the Earth's history, although it is clearly different from that inferred for subducted carbon (d 13 C & -1) assuming the recycling of 95 % inorganic and 5 % organic carbon. They conclude that a flux from a deep primitive reservoir could explain this difference, which is in agreement with noble gas evidence for the formation of some carbonatites from a longterm isolated (primitive) carbon-rich reservoir . Further, a recent study has shown that carbonatites from Brava Island (Cape Verde archipelago) are characterized, before degassing, by 4 He/ 40 Ar* & 0.3 (* stands for corrected from atmospheric contamination). This ratio is significantly below those defined by the instantaneous mantle production ratio (4-5) or the long-term mantle accumulated 4 He/ 40 Ar* (1-2) and, also, is clearly not compatible with the very high U/K ratios typically found in subducted carbonates (Mourão et al. 2012b) . A carbon-rich reservoir, potentially located at the base of the lower mantle, is in agreement with other geodynamic and geochemical models (Collerson et al. 2010; Labrosse et al. 2007; Lee et al. 2010; Tolstikhin and Hofmann 2005) and, for the specific case of the Azores, could be sampled by the Azores mantle plume which, according to the He and Ne isotope ratios, contains a primordial signature (Madureira et al. 2005; Moreira et al. 1999) .
Summarizing, we can rule out subducted oceanic pelitic sediments as the source of carbon for the Santa Maria mantle source. However, with the data presented here, it is impossible to distinguish between subducted carbonated oceanic crust and a long-term isolated (primordial?) reservoir as the source of carbon underneath Santa Maria. Further future geochemical analyses are highly desirable.
Conclusions
The Azores archipelago provides a typical example of a low-buoyancy flux plume where the overall age range of the islands is small compared to the age range of the lithosphere they were erupted on. Lithosphere ages increase from *10 Ma to *45 Ma with increasing distance from the MAR, thus indicating an increase in lithosphere thickness from west to east. The source compositions inferred from Sr-Nd-Pb isotope ratios imply that the mantle source of the easternmost island, Santa Maria, is almost similar to that of islands erupted closer to the MAR and does not display evidence for similarities to the peculiar source composition of the eastern volcano of the neighboring island São Miguel. The greater enrichment and variability of incompatible trace element ratios are due to melt extraction at small degrees of partial melting preserving the heterogeneous nature of the mantle below Santa Maria. In addition, a larger ([20 %) contribution of smalldegree melts (carbonatites) of carbonated mantle may explain the lower K 2 O, TiO 2 , Rb and SiO 2 contents of Santa Maria magmas. The preservation of these unique signatures from the CO 2 -bearing mantle lithologies during magma genesis probably reflects the combined effect of a limited length of the melt column underneath thick lithosphere with small degrees of melting and the positioning of Santa Maria at the edge of the tilted (volatile-rich) plume. Our data also suggest that the association of CO 2 -rich melts with oceanic hot spots may not be restricted to the Azores, but can potentially occur also in other oceanic intraplate settings.
